By using a four-hot-wire probe and an eight-hot-wire probe, different approximations to energy dissipation rate have been made in the far field of a cylinder wake. The appropriateness of the various approximations is evaluated by examining their mean values, spectra, conditional analysis, and scaling range exponents. It is found that there are significant differences between the instantaneous values of ⑀ iso , the isotropic dissipation rate, and other approximations. The present measurements also allow the examination of the spatial correlation between the energy dissipation rate and the enstrophy ⍀. While the correlation between ⑀ iso and ⍀ is low, there is a strong correlation between the other approximations to energy dissipation rate ⑀ and the enstrophy ⍀. The scaling range exponents show that the substitutes to the energy dissipation rate and enstrophy based on isotropy are more intermittent than their corresponding true values. The present results suggest that using ⑀ iso as a substitute of ⑀ should be re-examined, especially for the instantaneous values.
I. INTRODUCTION
The instantaneous values of the turbulent energy dissipation rate ⑀͑ϵ2s i,j s i,j ͒ and the enstrophy ⍀͑ϵ i i ͒ are two important characteristics of the small-scale turbulence, where s ij ϵ͑u i,j + u j,i ͒ / 2 is the turbulent rate of strain; u i,j represents the velocity derivative ‫ץ‬u i / ‫ץ‬x j ; i = ⑀ ijk u k,j is the vorticity component; ⑀ ijk is the alternating tensor; and is the kinematic viscosity of the fluid. For example, the second-order behavior of the energy dissipation is crucial to understand the characteristics of intermittency ͓1͔. The measurements of ⑀ are useful for examining the intermittency models ͑e.g., ͓2,3͔͒. However, the measurement of the energy dissipation rate ⑀ is fraught of difficulties, since nine velocity derivatives need to be resolved simultaneously. A possible method to measure these velocity derivatives is by using multi-hotwires. As the number of wires increases, problems related to the spatial resolution of the probe, flow blockage, noise contamination, and possibly aerodynamic interference of the wires become important. Therefore, there are only a few measurements of ⑀ reported previously in various turbulent flows ͑e.g., ͓4-7͔͒. Most of the data used in the literature for examining the small-scale turbulence are obtained by the so-called pseudo-dissipation rate, i.e., ⑀ iso = 15u 1,1 2 , ͑1͒
which is the one-dimensional surrogate of energy dissipation rate ⑀ in isotropic turbulence based on Taylor's hypothesis. The limitations of Taylor's hypothesis are relatively well known, especially in flows with high turbulence intensity ͓8͔. It needs to be noted that some important ideas on the smallscale structure of turbulence, such as the multifractal distribution of dissipation in space ͓9͔ and the bimodality of conditional probability density functions for a small-scale range ͓10͔ of the Kolmogorov variable in the refined similarity hypothesis ͑RSH͒ ͓11͔, have been reformulated explicitly for ⑀ iso . This reformulation has been verified for several cases and therefore can be considered as fundamental at high Reynolds numbers ͓10͔. However, in many aspects, the true values of ⑀ may give important different results as compared with those when ⑀ iso is used, especially at low and moderate Reynolds numbers ͓12͔. This possibility was pointed out by Hosokawa ͓13͔ and Thoroddsen ͓14͔ and discussed later in detail by Hosokawa et al. ͓15͔ and Wang et al. ͓12͔ , using direct numerical simulations ͑DNS͒ of fully developed decaying isotropic turbulence at moderate Reynolds numbers. Direct numerical simulations are prior to the experiments since the velocity derivatives can be determined reliably and simultaneously, albeit in relatively simple flows. The spatial relationship between the fields of ⑀ and ⍀ has been reviewed by Sreenivasan and Antonia ͓16͔. There is general agreement that the highest vorticity appears to reside in tubes, while the moderate vorticity resides in sheets surrounding the tubes. This suggests a relatively high correlation between ⑀ and ⍀. For homogeneous turbulence, since the mean values of ⑀ and ⍀ are related, i.e., ͗⑀͘ = ͗⍀͘, it is natural to expect a close relationship between the instantaneous values of ⑀ and ⍀. This relation, however, does not mean that their local scaling and intermittence are identical. If they do, however, the scaling exponents for small-scale turbulence should be unique ͓17͔. The existing experimental results surveyed by Sreenivasan and Antonia ͓16͔ suggest that the scaling exponents for energy dissipation rate and enstrophy may indeed not be the same, even though the experimental results may be affected in unknown ways by artifacts such as Taylor's hypothesis and the use of onedimensional surrogates of dissipation and vorticity. By using full measurements for ⑀ and ⍀ obtained in grid turbulence, Antonia et al. ͓6͔ found that ⍀ is more intermittent than ⑀. This is consistent with the direct numerical simulations of *Electronic address: mtmzhou@ntu.edu.sg Chen et al. ͓17͔ , where the inertial range scalings of the locally averaged ⑀ and ⍀ are studied at a Taylor microscale Reynolds number of 216.
The main objective of the present paper is to examine the differences between various substitutes of ⑀ using data obtained in the far region of a turbulent wake from a four-hotwire probe and an eight-hot-wire probe. Differences among various approximations to ⑀ will be examined in terms of their mean values, spectra, correlations with the enstrophy fields, and inertial range scaling. After a brief introduction in Sec. I, the experimental setup is given in Sec. II. The mean values of ⑀ obtained using different approximations are compared in Sec. III. The differences of various approximations to ⑀ are compared in Sec. IV in terms of the correlations with enstrophy. The inertial range scaling of the energy dissipation rate and enstrophy is examined in Sec. V. Conclusions are drawn in Sec. VI.
II. EXPERIMENTAL DETAILS
The experiments were conducted in a closed-loop wind tunnel ͑Fig. 1͒. The wind tunnel has two test sections, namely, the high-speed and the low-speed sections. The present measurements are conducted in the high-speed test section with dimensions of 1.2 m ͑width͒ ϫ0.8 m ͑height͒ and 2 m long. The free stream across the tunnel is uniform to within 0.3%. The free stream turbulence intensity is less than 0.5%. The free-stream velocity U 1 is about 5 m / s, corresponding to a Taylor microscale Reynolds number R ͑ϵu 1 Ј / , where = u 1 Ј/ u 1,1 Ј is Taylor microscale and the superscript prime denotes the rms value͒ of about 45 ͑or Re d ϵ U 1 d / = 2060, d = 6.35 mm is the diameter of the stainlesssteel circular cylinder͒. The measurement location is at x 1 / d = 240. At this location, the turbulence intensity u i Ј/ U 1 ͑i =1, 2, or 3͒ is about 2%, favoring the use of Taylor's hypothesis. The Kolmogorov length scale is about 0.5 mm over the vertical range of x 2 / L = ± 1, where L is the wake half-width. This value of is large enough to ensure adequate spatial resolution of the probes for the measurements of the velocity derivatives. With the increase of Reynolds number, the Kolmogorov length scale will decrease and the spatial resolution of the probes will deteriorate. Therefore, the present experiments were conducted at a relatively low Reynolds number.
A probe consisting of four hot wires ͓Fig. 2͑a͔͒ was used to measure approximately the energy rate. Wires a and b in ͓Fig. 2͑a͔͒ together form the X-wire; wires c and d are the two parallel wires which straddle the X-wire. The solid thin line at the center of wires a, b, c, or d represents the active part ͑i.e., the sensor͒ of the four hot wires. ␤ is the angle between flow direction and wire a. The four hot wires also allow the calculation of the spanwise component 3 of the vorticity vector using the measured velocity signals u 1 and u 2 . The included angle of the X-wire is about 100°. The separation ⌬x 2 between the two parallel hot wires c and d is about 1.5 mm. This separation corresponds to 3 in the central part of the wake. This separation is adequate for velocity-derivative measurements using hot wires ͓18͔. Us- ing the present probe, three of the nine velocity derivatives that make up ⑀ are measured simultaneously. These derivatives are u 1,1 , u 1,2 , and u 2,1 . Assuming local isotropy and homogeneity, simultaneous approximations to ⑀ can be made based on continuity ͓19͔, viz.
⑀ ap Ϸ ͑6u 1,1 2 + 3u 1,2 2 + 2u 2,1 2 + 2u 1,2 u 2,1 ͒, ͑2͒
where the subscript ap represents "approximation." Since more derivative correlations are included in Eq. ͑2͒ than the one usually used by experimentalists after assuming local isotropy ͓Eq. ͑1͔͒, it is expected that Eq. ͑2͒ should provide more reasonable approximations to ⑀ than when ⑀ iso ͓Eq. ͑1͔͒ is used. With the present four hot-wire probe, the spanwise vorticity component 3 can be obtained viz.
where ⌬u 1 is the velocity difference between the longitudinal velocity fluctuations from the two parallel wires c and d, which are separated in the x 2 direction ͓Fig. 2͑a͔͒. ⌬u 2 represents the difference between values of u 2 at the same point in space but separated by one sampling time interval ⌬t͑ ϵ1/ f s ͒. In Eqs. ͑1͒-͑3͒, Taylor's hypothesis is used to estimate the velocity derivatives in the streamwise direction, i.e., ‫ץ‬u 2 / ‫ץ‬x 1 =−U 1 −1 ⌬u 2 / ⌬t. The probe used to measure the full energy dissipation rate consists of four X-wires ͓Fig. 2͑b͔͒. Two are in the x 1 -x 2 plane and separated in the x 3 direction; the other two are in the x 1 -x 3 plane and are separated in the x 2 direction. It is assumed that each X-wire measures two velocity components at the center of the probe. The separation between two inclined wires in each pair of X-wire is about 1 mm. The separation between the centers of the two X-wires aligned either in the x 1 -x 2 plane and separated in the x 3 direction or the x 1 -x 3 plane and separated in the x 2 direction is about 2.7 mm, i.e., around 5, which satisfies the criteria of hotwire separation ͑3 ϳ 5͒ for velocity derivative measurements proposed by Antonia et al. ͓18͔ .
The effective angle for each X-wire is about 40°. The full expression for the mean energy dissipation rate ͗⑀͘ ϵ 2͗s i,j s i,j ͘ can be written as
where the subscript f represents the full energy dissipation rate. Seven of the above nine velocity derivatives can be obtained with the eight-wire probe. By assuming incompressibility, the quantities u 2,2 2 and u 3,3 2 can be estimated by the following equation:
By assuming homogeneity, the last term on the right of Eq. ͑6͒ can be replaced by −4͗u 2,3 u 3,2 ͘, since
Substitution of Eqs. ͑6͒ and ͑7͒ into Eq. ͑4͒ yields
͑8͒
By using the measured velocity signals from the eight-wire probe, the three vorticity components can be calculated using the following finite difference method ‫ץ‬u i / ‫ץ‬x j = ⌬u i / ⌬x j , i.e.,
The streamwise derivatives are calculated using Taylor's hypothesis, i.e., ‫ץ‬u i / ‫ץ‬x 1 =−U −1 ⌬u i /2⌬t ͑i =2,3͒, where U is the local mean velocity and ⌬t͑ϵ1/ f s ͒ is one sampling time interval. This method would have the advantage of keeping
Both the four-and eight-wire probes comprised 2.5-m-diameter Wollaston Pt-10% Rh wires, each etched to an active length of about 0.5 mm. The length-to-diameter ratio of the wires was about 200. The hot wires were operated with in-house constant temperature circuits at an overheat ratio of 1.5. The probes were calibrated at the centerline of the wind tunnel against a Pitot-static tube. The yaw calibration was performed over ±20°. The output signals from the anemometers were passed through buck and gain circuits and low-pass filtered at a cutoff frequency f c ϵ 1600 Hz, which is close to f K , where f K ϵ U /2 is the Kolmogorov frequency. The filtered signals are sampled for 60 s at a frequency of 3200 Hz into a PC using a 16-bit A/D converter.
III. MEAN ENERGY DISSIPATION RATES
The mean energy dissipation rates ͗⑀͘ obtained using Eqs. ͑1͒, ͑2͒, and ͑8͒ across the wake for different x 2 / L are compared in Fig. 3 , where L is the wake half-width. In this figure, the energy dissipation rate is normalized by L and the maximum velocity deficit U 0 . Since more derivative correlations are included in Eqs. ͑2͒ and ͑8͒, it is expected that they should provide more reasonable approximations to ⑀ than when ⑀ iso ͓Eq. ͑1͔͒ is used. To account for the effect of the imperfect spatial resolution, all velocity derivatives involved in these relations have been corrected using spectral method. Details of the correction methods for the four-hot-wire and eight-hot-wire probes can be found in Antonia et al. ͓20͔ and Zhu and Antonia ͓21͔, respectively. Figure 3 shows that the magnitude of ͗⑀ f ͘ is about 10% larger than that of ͗⑀ iso ͘ across the wake, which should be in the range of experimental uncertainty, indicating that the one-dimensional surrogate can represent the full mean energy dissipation rate properly. The present results of ͗⑀ f ͘ also agree favorably with that of ͗⑀ ap ͘ obtained using the four-wire probe ͓Eq. ͑2͔͒. These latter values of ͗⑀͘ agree well with that reported by Browne et al. ͓22͔ . The satisfactory agreement shown in Fig. 3 indicates that there is no apparent difference of the measured ͗⑀͘ when different approximations of ⑀ were used.
The spectra corresponding to the energy dissipation rates obtained on the wake centerline using different methods are compared in Fig. 4 , where a superscript asterisk denotes normalization by Kolmogorov length scale and/or velocity scale u K ͑ϵ / ͒. These spectra are obtained by summing all the spectra of the velocity derivatives involved in Eqs. ͑1͒, ͑2͒, and ͑8͒, respectively. Since the velocity derivative spectra are normalized by the Kolmogorov scales, the areas under the various distributions of the energy dissipation rate should be equal to 1. The distribution of ⑀ ap ͑k 1 ͒ agrees well with that of ⑀ f ͑k 1 ͒, indicating that Eq. ͑2͒ could provide a good approximation to the full energy dissipation rate. In contrast, ⑀ iso ͑k 1 ͒ departs significantly from both ⑀ f ͑k 1 ͒ and ⑀ ap ͑k 1 ͒, except for k 1 * Ͼ 0.15. Since ⑀ iso ͑k 1 ͒ =15 ‫ץ‬u 1 /‫ץ‬x 1 ͑k 1 ͒, the spectrum of ⑀ iso is actually the same ͑multiplied by a factor of 15͒ as that of ‫ץ‬u 1 / ‫ץ‬x 1 , while the spectrum of the full energy dissipation rate ⑀ f ͑k 1 ͒ is the sum of the spectra of the velocity gradients involved in Eq. ͑8͒, which are different from that of ‫ץ‬u 1 / ‫ץ‬x 1 . The departure of iso from the other measures in Fig. 4 is therefore not surprising. This result indicates that the use of the instantaneous values of ⑀ iso as a substitute of the instantaneous values of ⑀, as usually used in experimental studies, may cause significant errors, at least in the spectral domain. The satisfactory agreement at high wave numbers indicates that local isotropy is satisfied by various approximations to energy dissipation rate, even at a relatively low Reynolds number.
IV. CORRELATION BETWEEN ENERGY DISSIPATION RATE AND ENSTROPHY
Using the four-wire probe, only one component ͑ 3 ͒ of the enstrophy can be measured. By assuming local isotropy, the instantaneous values of ⍀ can be obtained using
All three vorticity components in the full expression of ⍀ can be measured using the present eight-wire probe. The enstrophy can then be calculated as
The spatial correlations between ⑀ and ⍀ can be quantified by means of conditional statistics, ͗␤ ͉ ␣͘, the expectations of ␤ conditioned on particular values of ␣. This conditional expectation is defined as
where p͑␤ ͉ ␣͒ϵp ␣,␤ /p ␣ is the pair distribution function ͑PDF͒ of ␤ conditioned on ␣. These conditional expectations will be examined using various definitions of the energy dissipation rate. Figure 5 shows the conditional expectations ͗⑀ ͉ ⍀͘ / ͗⑀͘ measured on the wake centerline. The values ͗⑀ f ͉ ⍀͘ / ͗⑀ f ͘ increase linearly with 3 2 at an overall gradient of 0.87, reflecting a strong dependence of ⑀ on ⍀. The magnitude of ͗⑀ ap ͉ 3 2 ͘ / ͗⑀ ap ͘ from the four-wire measurement shows the similar trend, except that its gradient is changed from 0.87 for the eight-wire measurements to 0.75. This may suggest a slightly lower correlation between ⑀ ap and 3 2 than that between ⑀ f and ⍀. Compared with ͗⑀ ap ͉ 3 2 ͘ / ͗⑀ ap ͘ and ͗⑀ f ͉ 3 2 ͘ / ͗⑀ f ͘, the values of ͗⑀ iso ͉ 3 2 ͘ / ͗⑀ iso ͘ increase slowly with 3 2 / ͑ 3 2 ͒, indicating a much weaker correlation between ⑀ and 3 2 when using ⑀ iso to represent ⑀. This result suggests again that using ⑀ iso as a substitute of ⑀ should be reexamined, especially for instantaneous values.
The spatial correlation between ⍀ and ⑀ can also be quantified by means of the conditional expectation ͗⍀ r n+ ͉ ⑀ r + ͘, where the superscript + denotes that the quantities are normalized by their mean values, i.e., ͑ 3 2 ͒ r + = ͑ 3 2 ͒ r / ͗͑ 3 2 ͒͘ and ⑀ r + = ⑀ r / ͗⑀͘; ⑀ r and ⍀ r are the average values of ⑀ and ⍀ obtained over a distance r in the streamwise direction. The conditional expectations ͗͑ 3 2 ͒ r n+ ͉͑⑀ ap ͒ r + ͘ for n = 1 and 2 measured using the four-wire probe are shown in Fig. 6 to check the spatial correlation between the two quantities. The value of r is chosen such that it is located in the inertial range. It needs to be noted that an inertial range is not expected at such a low Reynolds number ͑R =45͒. Arguably, a scaling range ͑SR͒ over which the third-order velocity structure function ͉͗␦S L * ͉ 3 ͘ is approximately linear to r can be defined ͑Fig. 7͒, where ␦S L ͓ϵu 1 ͑x 1 + r͒ − u 1 ͑x 1 ͔͒ is the longitudinal velocity structure function. The functions y = c 1 x and y = c 2 x 2 are also included in Fig. 6 , where c 1 and c 2 are constants determined by the curve fitting. It shows clearly that the first-and second-order moments of ͑ 3 2 ͒ r + increase with ⑀ r + . The values of ͗͑ 3 2 ͒ r + ͉͑⑀ ap ͒ r + ͘ grow linearly with ͑⑀ ap ͒ r + over the range of ⑀ r + Ͼ 0.1. They also agree quite well with y = c 2 x 2 in this range. These results imply a strong spatial correlation between the spanwise vorticity and the energy dissipation rate. The present results are consistent with the DNS study by Chen et al. ͓17͔ , where the full energy dissipation rate and enstrophy ⍀ were used. When ⑀ iso is used ͑Fig. 8͒, even though the first-and second-order moments of ͑ 3 2 ͒ r + increase with ͑⑀ iso ͒ r + , the gradients become much smaller than those shown in Fig. 6 . The results seem to suggest that the use of the one-dimensional energy dissipation rate to substitute the full energy dissipation rate may lead to erroneous conclusions. To validate the present four-wire results and to clarify the different behaviors between ⑀ iso and ⑀ f , the expectations of ͗͑ 3 2 ͒ r n ͘ ͑n = 1 and 2͒ conditioned on either ⑀ f or ⑀ iso obtained from the eight-wire probe are shown in Figs. 9 and 10, respectively. In Fig. 9 of ⑀ iso using four-wire probe: ‫,ؠ‬ n =1; ᮀ, n =2; ---, y = c 1 x; and -
shown in Fig. 6 , and both of them agree well with functions y = c 1 x and y = c 2 x 2 , respectively, thus proving the strong correlation between the spanwise vorticity and the energy dissipation rate. The results also support the use of Eq. ͑2͒ as a proper substitute to the full energy dissipation rate. In Fig.  10 , the expectations of ͗͑ 3 2 ͒ r n ͘ ͑n = 1 and 2͒ conditioned on ⑀ iso show large discrepancies with those obtained using ⑀ f ͑Fig. 9͒. The discrepancy between Figs. 9 and 10 further implies that it is inappropriate to use ⑀ iso as a substitute of ⑀.
To further study the correlation between ⑀ and ⍀, the conditional expectations ͗⍀ r n+ ͉͑⑀ f ͒ r + ͘ and the reverse conditional expectations ͗͑⑀ f ͒ r n+ ͉ ⍀ r + ͘ for different orders ͑n =1, 2, 4, 6, and 8͒ are also examined. These results are shown in Figs. 11͑a͒-11͑e͒ . The data used in this figure for ⑀ and ⍀ are measured using the eight-wire probe. Table I . It can be seen that while both ␣ and ␤ decrease with the increase of n, the values of ␣ are always larger than the corresponding values of ␤, with a much lower decreasing rate than that of ␤. The fact that ␣ is larger than ␤ with a lower decreasing rate may suggest that the spatial growth of ⑀ r + in a statistical sense is slower than that of ⍀ r + . It is worthy to note that the present results are consistent with the DNS study by Chen et al. ͓17͔ , who also found that although strong domain correlation exists between ⑀ and ⍀, they are not correlated point by point.
V. SCALING OF LOCALLY AVERAGED ENSTROPHY AND ENERGY DISSIPATION RATES
Over the past years, extensive experimental and numerical investigations have highlighted the difference between the scaling exponents L ͑n͒ and T ͑n͒ of longitudinal and transverse velocity increments, respectively. In the present study, the longitudinal velocity structure function ␦S L is defined as ␦S L = ␦u 1 ͑r͒ = u 1 ͑x 1 + r͒ − u 1 ͑x 1 ͒.
͑15͒
Taylor's hypothesis is used to convert the temporal delay to a spatial increment r in the streamwise direction, with r ϵ U, where U is the mean velocity in the streamwise direction. The transverse velocity structure function can then be defined as
͑16͒
In the present study, due to the limited value of R studied, an apparent inertial range cannot be defined unambiguously ͑please refer to Fig. 7͒ . To obtain the scaling exponents of the velocity structure functions, the extended self-similarity ͑ESS͒ method ͓23͔ is used. This method has been widely used for estimating the scaling exponents. The corresponding scaling exponents are known as the values relative to the third-order velocity increments. All the scaling exponents are estimated over the scaling range shown in Fig. 7 . By plotting the nth-order velocity structure functions against the thirdorder moment of ͉␦S L ͉, i.e., =1−8 are shown in Fig. 12 . The predictions of the scaling exponents based on Kolmogorov ͓24͔ or K41, where the velocity structure functions are scaled as n / 3, and the lognormal model of Kolmogorov ͓11͔ or K62 are also shown for comparison. For K62,
where is the intermittency parameter with a magnitude of 0.2ϳ 0.3. The value of can be obtained using the 6th-order 
---, y = c 1 x ␣n ; and -· -, y = c 2 x ␤n ; ͑a͒ n =1; ␣ =1, ␤ = 0.953; ͑b͒ n =2; ␣ = 0.993, ␤ = 0.917; ͑c͒ n =4; ␣ = 0.975, ␤ = 0.813; ͑d͒ n =6; ␣ = 0.951, ␤ = 0.752; and ͑e͒ n =8; ␣ = 0.947, ␤ = 0.746.
velocity structure function, since ͗͑␦S L ͒ 6 ͘ϳr 2− ͓i.e., =2 − L ͑6͔͒ in the scaling range. The values of L ͑n͒ depart significantly from the prediction of K41 ͓24͔ ͑i.e., n /3͒ for n Ͼ 4. This result may reflect the increasing effect of the intermittency for higher orders of the longitudinal velocity increments. The measured values of L ͑n͒ show satisfactory agreement with that predicted by K62 ͓11͔. It can be seen that T ͑n͒ values are significantly smaller than L ͑n͒.
The inequality between L ͑n͒ and T ͑n͒ may be due to several factors: ͑1͒ the Reynolds number effect ͑e.g., ͓25-27͔͒; ͑2͒ global anisotropy of the flow ͑e.g., ͓28-30͔͒; ͑3͒ the initial and boundary conditions ͓31͔, and ͑4͒ the effects of intermittencies on the longitudinal and transverse velocity structure functions ͓32͔. Analogous to the refined similarity hypothesis ͑RSH͒ ͓11͔, Chen et al. ͓32͔ proposed a modification which they called the refined similarity hypothesis for transverse velocity structure functions ͑RSHT͒. In RSH and RSHT, the scaling of the longitudinal and transverse velocity structure functions are
and
where ⑀ ͑n /3͒ and ⍀ ͑n /3͒ are the scaling exponents of the locally averaged energy dissipation rate and the enstrophy, respectively. They are inferred from the distributions of log͗⑀ r n/3 ͘ and log͗⍀ r n/3 ͘ vs log r over the scaling range indicated in Fig. 7 . The values of ⑀ ͑n /3͒ and ⍀ ͑n /3͒ can be inferred based on various approximations to ⑀ and ⍀ considered in the present study. These values are listed in Table II . The values of ⑀ ͑n͓͒ϵ͑n /3͒ + ⑀ ͑n /3͔͒ and ⍀ ͑n͓͒ϵ͑n /3͒ + ⍀ ͑n /3͔͒ as well as the measured L ͑n͒ and T ͑n͒ are also included in Table II Table II indicate that ⑀ f ͑n͒ and ⑀ ap ͑n͒ agree well with L ͑n͒ for all orders. Both of them are smaller than ⑀ iso ͑n͒ for n Յ 2 and slightly larger than ⑀ iso ͑n͒ n Ն 3. This result indicates that for ap is a proper substitute to ⑀ f , while ⑀ iso is more intermittent than either ⑀ f or ⑀ ap . The later result is consistent with previous investigations reported by Sreenivasan and Antonia ͓16͔, Chen et al. ͓32͔, and Wang et al. ͓12͔ . If RSHT is valid, the difference between L ͑n͒ and T ͑n͒ should be compensated by the difference between ⑀ ͑n͒ and ⍀ ͑n͒ or ⑀ ͑n /3͒ and ⍀ ͑n /3͒, respectively. However, the results shown in Table II indicate that the magnitude L ͑n͒ − T ͑n͒ is much larger than that of ⑀ ͑n͒ − ⍀ ͑n͒, regardless of the methods used to obtain ⑀ and ⍀. Therefore, RSHT is only partially valid for the temporal transverse velocity increments obtained by using Taylor's hypothesis. This result is in contrary to that reported by Bi and Wei ͓33͔, where the transverse velocity structure functions were obtained using both the temporal and spatial methods; the energy dissipation rate ⑀ and enstrophy ⍀ were approximated by ⑀ iso and 3 2 2 , respectively. Comparing the values for ⍀ ͑n /3͒ and 3 2͑n /3͒, we can see that the former is consistently smaller than the latter. It is worthy to note that the present magnitude of ⍀ ͑n /3͒ is comparable with those reported by Antonia et Table II also indicate that the enstrophy field is more intermittent than the energy dissipation rate. To get a better understanding on the intermittency phenomena and to study the scaling features of enstrophy and energy dissipation, it is necessary to examine the scaling relation between the higher-order moment of enstrophy and those of energy dissipation rate. Wang et al. ͓12͔ , in their DNS studies, pointed out that for the energy dissipation rate, the onedimensional surrogate field is in general more intermittent than the full field. Both the isotropic ͓Eq. ͑1͔͒ and the full energy dissipation rate ͓Eq. ͑8͔͒ are used to examine the relative scaling with the enstrophy. In Figs. 13͑a͒-13͑d͒ , the quantities ͗⍀ r n+ ͘ are plotted against ͗ r n+ ͘ for n =2, 4, 6, and 8. The relative power laws can be identified in the scaling range ͑a region indicated by the double-arrowed vertical line͒ and quantified by the scaling exponent k, which is calculated from ͗⍀ r n+ ͘ϳ͗⑀ r n+ ͘ k . For convenience, the values of k for different orders n are listed in Table III . It can be seen that the values of k͑⑀ f ͒ are always greater than 1 for n =2, 4, 6, and 8. This result shows that the locally averaged full enstrophy are larger than those of locally averaged full dissipation FIG. 13 . ͗⍀ r n ͘ as a function of ͗⑀ r n ͘. Here r is an implicit variable. ‫,ؠ‬ obtained using ⑀ f ͓Eq. ͑8͔͒; ᮀ, obtained using ⑀ iso ͓Eq. ͑1͔͒; and rate, indicating a stronger intermittency of the former than the latter, which is consistent with Chen et al. ͓17͔ . The present values of k͑⑀ f ͒ are qualitatively close to those of the DNS study by Chen et al. ͓17͔ , where k = 1.56 and 1.47 for n = 2 and 4, respectively, were obtained. It can also be seen that k͑⑀ f ͒ decreases with the increase of n. The values of k͑⑀ iso ͒ obtained using ͗⍀ r n ͘ϳ͗͑⑀ iso ͒ r n ͘ k increases with n, a reverse trend to that of k͑⑀ f ͒. In addition, the fact that the values of k͑⑀ iso ͒ obtained using ͗⍀ r n ͘ϳ͗͑⑀ iso ͒ r n ͘ k are much smaller than that of k͑⑀ f ͒, especially for n = 1 and 2, suggests that the intermittency of the dissipation rate based on isotropic relations is stronger than that of the full enstrophy, which is consistent with the results shown in Table II . The result also indicates that for the energy dissipation rate, the onedimensional surrogate field is more intermittent than the full dissipation field, which is consistent with that reported by Wang et al. ͓12͔ . The differences in intermittency between ⑀ iso and ⑀ f may be due to the fact that the full energy dissipation rate involves all nine velocity derivatives while ⑀ iso involves only one ͑i.e., ‫ץ‬u 1 / ‫ץ‬x 1 ͒. The full dissipation rate can be considered roughly as an average of nine intermittent structures, each of which is either as large as ⑀ iso or slightly larger than ⑀ iso . The averaging tends to reduce the degree of intermittency of individual structures ͓12͔.
VI. CONCLUSION
Different approximations to energy dissipation rate and enstrophy have been made using a four-wire probe and an eight-wire probe in the far field of a cylinder wake at Re = 2060. There exists satisfactory agreement among the mean energy dissipation rates, regardless of the approximations used. However, spectral analysis shows that there is large departure of the spectrum of ⑀ iso from that of either ⑀ ap or ⑀ f at low wave numbers, indicating that the use of the instantaneous values of ⑀ iso as a substitute of the instantaneous values of ⑀, as usually used in experimental studies, may cause significant errors, at least in the spectral domain. The spatial correlation between ⑀ ͑represented either by ⑀ iso , ⑀ ap , or ⑀ f ͒ and ⍀ ͓represented either by Eq. ͑12͒ or Eq. ͑13͔͒ has been qualified using conditional analysis. Compared with ⑀ ap and ⑀ f , there is a much weaker correlation between ⑀ and ⍀ when ⑀ iso is used to represent ⑀. When ⑀ ap or ⑀ f is used, the conditional expectations ͗⍀ r n+ ͉͑⑀ f ͒ r + ͘ ͑n = 1 and 2͒ agree well with y = cx n in the scaling range, further confirming the strong correlation between energy dissipation rate and enstrophy. This result is consistent with that reported previously by Chen et al. ͓17͔ using DNS. The inertial range scaling exponents of the energy dissipation rate and enstrophy suggest that the energy dissipation rate based on isotropic relation is more intermittent than that of the true values, supporting the previous study by Wang et al. ͓12͔ , while the isotropic enstrophy is more intermittent than the full enstrophy. It is also found that the full energy dissipation rate is less intermittent than the full enstrophy. The present study suggests that using ⑀ iso as a substitute of the true values for ⑀ should be re-examined, especially for the instantaneous values. 
